Background: The purpose of this study was to assess the antimicrobial effect of a buffered 0.5 % sodium hypochlorite solution activated by photon-induced photoacoustic streaming compared to conventional irrigation. Methods: The canals on 48 single canal lower bicuspids were cleaned and shaped using rotary instrumentation. All roots were autoclaved for 20 min. Thirty-six of the roots were placed in glass flasks with blood heart infusion media and Enterococcus faecalis (ATCC 4082) for 4 weeks. The remaining 12 roots were placed in a sterile environment and served as negative controls. The contaminated roots were irrigated by conventional means using a buffered 0.5 % sodium hypochlorite solution with or without photon-induced photoacoustic streaming (PIPS) activation (n = 12 each group). The remaining 12 roots did not receive any treatment and served as positive controls. The apical 3 mm of each tooth was sectioned and pulverized. The pulverized samples were collected and placed in Eppendorf micro-centrifuge tubes with sterile phosphate-buffered saline. Thirty MicroLiters of the collected samples was then placed in the blood heart infusion media and incubated for 24 h at 37°C. Colony forming units (CFU) were compared with Wilcoxon signed ranked test. Mann-Whitney U test was used to assess PIPS effectiveness in comparison with conventional irrigation. Results: Both regimens reduced significantly the number of CFU; however, reduction was significantly higher for the PIPS group (p = 0.002). Conclusion: Buffered 0.5 % sodium hypochlorite delivered by conventional method was effective in removing E. faecalis from contaminated root canals; however, activation of a buffered 0.5 % sodium hypochlorite solution by PIPS significantly increased its antimicrobial capacity.
Background
The principal etiology in pulpal and periapical disease is the presence of bacteria in the root canal system (Happasalo et al. 2003) . Anatomically complex root canal systems that contain lateral canal ramifications, isthmuses, cul-de-sacs, and other irregularities can impede the elimination of debris and bacteria from the root canal system (Wu et al. 2006 ). In addition, bacteria can penetrate into dentinal tubules and persist after the completion of the endodontic therapy resulting in refractory infections years later (Vieira et al. 2012) . Irrigation is the only way to impact those areas of the root canal system that cannot be cleaned by mechanical instrumentation (Happasalo et al. 2010) .
The effectiveness and biocompatibility of irrigating solutions is dependent on a multiplicity of factors such as microorganism susceptibility, penetration of the solution to the infected site, concentration of the solution being used, and the toxicity to host cells (Mohammadi 2008) . Sodium hypochlorite has long been considered the primary irrigating solution during endodontic procedures. It is an effective antimicrobial agent, and to date, it is the only solution capable of digesting organic tissue in the canal (Baumgartner and Cuenin 1992; Naenni et al. 2004) . The antimicrobial and tissue-digesting capabilities of sodium hypochlorite are owed to chemical reactions that result in an alteration of bacterial cell metabolism as well as lipid and fatty acid degradation of cell membranes. Some of the interactions described are a saponification reaction, an amino acid neutralization reaction, and a chloramination reaction (Estrela et al. 2002) .
A saponification reaction follows degradation of fatty acids in the cell membrane resulting in the formation of fatty acid salts (soap) and glycerol. Interactions between sodium hypochlorite and cell amino acids generate an exit of hydroxyl ions that in turn lower the pH of the solution which results in the release of hypochlorus acid which when in contact with organic tissue acts as a solvent-releasing chlorine which is a strong oxidant that inhibits bacterial enzymes by irreversibly oxidizing sulfhydryl groups of essential bacterial enzymes. Chlorines also combine with protein amino groups resulting in the formation of chloramines that interfere with bacterial cell metabolism (Estrela et al. 2002) .
In addition, phagocytic cells through the production of hydrogen peroxide which together with Cl− ions serve as substrates for the enzyme myeloperoxidase can generate the release of hypochlorous acid (HOCl) which plays a vital role in the ability of phagocytic cells to kill bacteria. Even at low concentrations, hypochlorous acid has shown the ability for a rapid and selective inhibition of bacterial growth and cell division (Mckenna and Davies 1988) . To maintain a more stable solution of hypochlorus acid and to potentially increase its antibacterial activity, the pH of a sodium hypochlorite solution can be lowered by adding a buffering solution. Therefore, altering the pH of a lower strength sodium hypochlorite solution may increase its antibacterial properties by facilitating the release of hypochlorus acid.
Conversely, these same chemical properties can degrade and interfere with the metabolism of host cells. Prolonged inadvertent contact with host cells can lead to damage of the host cells resulting in pain and a chemically induced inflammatory reaction (Zhu et al. 2013) . Therefore, obtaining a balance between safety and effectiveness is important. The amount of damage to host cells has been shown to be directly proportional to the concentration of the sodium hypochlorite solution; thus, the higher the concentration of sodium hypochlorite, the higher the potential for host cell damage. Sodium hypochlorite has been used in different concentrations ranging from 0.5 to 5.25 % with varying degrees of effectiveness. Different studies have shown that reducing the concentration of sodium hypochlorite will reduce the cytotoxicity of the irrigant but will decrease its bactericidal and tissue dissolution capabilities (Zhang et al. 2003; Radcliffe et al. 2004) .
At the same time, different irrigation activation methods such as vibrating tips, sonic, and ultrasonic irrigation have been recommended to enhance the efficiency of traditional syringe/needle delivery (Happasalo et al. 2010; Happasalo et al. 2014; Niu et al. 2014) . In 2009, a photon-induced irrigation system with a modified stripped radial firing erbium/ YAG laser tip that produces a photoacoustic shockwave that can facilitate irrigants to stream into canal irregularities such as lateral canals, anastomoses, and dentinal tubules was introduced (Malterud 2013; DiVito et al. 2011; Lloyd et al. 2014 ). This technology is known as photon-induced photoacoustic streaming (PIPS) and has the potential to enhance the cleaning and disinfection of inaccessible areas of the root canal system (Jaramillo 2015) .
This study aims to evaluate the effectiveness of a buffered 0.5 % sodium hypochlorite solution in eradicating Enterococcus faecalis from the root canal system and to see if activation by PIPS further increases its antimicrobial properties. Since the cytotoxicity of sodium hypochlorite is directly proportional to the concentration of the solution, the authors felt it was necessary to investigate if a lower concentration of sodium hypochlorite would be effective in eradicating bacteria from the root canal system. Furthermore, it is of interest to see if activation of buffered 0.5 % sodium hypochlorite solution by PIPS would further enhance its antimicrobial properties. It would be beneficial to use an irrigating solution that is effective in eliminating bacteria from the root canal system while reducing its cytotoxic effect.
Methods
Forty-eight single canal lower bicuspid roots were selected for this study. The clinical crown was sectioned on each tooth to obtain a standardized length of 16 mm. Apical patency was established with a #10 k file (Dentsply-Maillefer, Switzerland), and the canals were then mechanically prepared using ProTaper Universal rotary system (Dentsply, Tulsa Dental, Johnson City, TN) to an F3 file size. Root canals were irrigated with a 1 % sodium hypochlorite solution during shaping. A final irrigation with a 17 % EDTA solution followed for 5 min to ensure the dentinal tubules were accessible. The prepared teeth were then autoclaved at a temperature of 121°C at 20 PSI for 20 min. Thirty six roots were placed in 250-ml Erlenmeyer flasks (Nova Tech International, Kingwood, TX) filled with brain heart infusion (BHI) media and inoculated with E. faecalis (ATCC4082). The samples were kept in the BHI media for 4 weeks. The BHI media were replenished every 3 days while incubated (Shel Lab, Vernon Hills, IL) at 37°C. The remaining 12 roots were maintained sterile and served as negative controls. After 4 weeks, the root canals were flooded with phosphate-buffered saline (PBS) (Mediatech Inc, Manassas VA), and dentinal debris was produced using a #30 size Hedström file (Dentsply-Maillefer, Switzerland). The samples were then taken with paper points and placed in Eppendorf tubes containing PBS. The samples were mixed using a Vortex Genie 2 mixer (Scientific Industries, Bohemia NY) for 15 s. Afterwards, 30 μl of the solution was collected from each tube and cultured on petri dishes containing BHI agar. The petri dishes were then placed in an incubator at 37°C (S1). Colony forming units (CFU) were determined after 24 h of incubation. Bacterial growths were confirmed by gram staining.
The 36 contaminated roots were randomly assigned to either of the three groups (12 samples each): the positive control group which received no treatment; the conventional delivery irrigation method group (CDM). The samples were irrigated with 2 ml of a buffered 0.5 % sodium hypochlorite solution prepared using the methodology described by Zehnder (Zehnder et al. 2002 ) by a conventional delivery method utilizing an irrigation syringe (BectonDickinson, Franklin Lakes, NJ) and a side-vented needle (Patterson, Endodontic Irrigation Needles, St. Paul, MN); and the PIPS group. The samples were irrigated with the same buffered 0.5 % sodium hypochlorite solution but activated with three cycles using PIPS Er:YAG laser 2940 nm for 30 s. After the second cycle, a 30-s rest period followed before completion of the final cycle of a laseractivated irrigation. The sodium hypochlorite solution was replenished before each new cycle. PIPS activation always occurred in the presence of constant sodium hypochlorite irrigation. A constant reservoir of sodium hypochlorite was ensured by coronal isolation with CoreRestore2 photo-cured resin (Kerr Dental, Orange, CA).
All root samples from both experimental groups and the control groups were immersed for 5 min in 1-ml Eppendorf tubes (Eppendorf North America, Hauppauge, NY) containing a 5 % sodium thiosulfate solution in order to inactivate the sodium hypochlorite solution. Once the sodium hypochlorite was inactivated, the roots were sectioned using an Isomet 1000 precision saw (Buehler, Lake Bluff, IL). The apical 3 mm of each root were collected and placed in 50-ml test tubes containing liquid nitrogen (Praxair, Danbury, CT). The frozen samples were then triturated using sterile and individually assigned pestle and mortars. The triturated samples were collected and placed in Eppendorf tubes filled with PBS. The contents were blended using a vortex Genie 2 mixer, 30 μl, and the resulting solution was taken and placed in petri dishes containing BHI agar. The cultures were then placed in an incubator at a temperature of 37°C for 24 h (S2). Bacterial colonies were gram-stained and quantified by direct observation using the same methodology described by Chavez De Paz (Chavez de Paz et al. 2003) .
Before and after CFU were compared for each irrigation regimen. The data contradicts the assumption of normal distribution and therefore was analyzed with related-samples Wilcoxon signed ranked test. MannWhitney U test was used to assess PIPS effectiveness in eliminating E. faecalis from the root canal system utilizing a buffered 0.5 % sodium hypochlorite solution in comparison with conventional delivery irrigation by a needle/syringe method using the same irrigant.
Results
Mean values and standard deviations of before and after CFU for each irrigation regimen are shown in Table 1 . Both irrigation regimens reduced significantly the number of CFU (p = 0.002 and p = 0.0001, respectively, for needle/ syringe delivery method and PIPS); however, reduction of CFU was significantly higher for PIPS group than for the needle syringe delivery group. Irrigation with a buffered 0.5 % NaOCl activated with PIPS was significantly more effective in eliminating E. faecalis from the root canal system than irrigation with buffered 0.5 % NaOCl delivered by needle/syringe method (p = 0.002). The negative control group did not yield any measurable CFU units.
Discussion
This in vitro study was designed to assess the effectiveness of a pH-altered solution of 0.5 % of sodium hypochlorite in combination with PIPS in canals contaminated with E. faecalis as a final irrigation protocol.
One of the principal objectives of endodontic therapy is to eliminate bacteria from the root canal system. This can be accomplished though mechanical instrumentation and chemical irrigation. The use of irrigating solutions is important since there are areas of the root canal system that are inaccessible to instrumentation. Sodium hypochlorite has long been considered the primary irrigating solution during endodontic procedures. However, sodium hypochlorite can have an adverse response on host cells. Spencer et al. (2007) gave a detailed description of the adverse effects of injecting sodium hypochlorite into the periapical tissues. At the same time, it has been shown that although lower concentrations of sodium hypochlorite are less cytotoxic to host tissues, lowering its concentration will result in a reduction of its antimicrobial effectiveness and tissue digestion capabilities (Zhang et al. 2003; Fachin et al. 1994) . Radcliffe et al. (2004) found E. faecalis to be the most resistant strain to sodium hypochlorite and found that lower concentrations of the solution required longer contact times with the microorganisms; a 0.5 % solution of NaOCl required 30 min of contact to totally eradicate E. faecalis whereas a concentration of 5.25 % NaOCl only required 2 min of contact time. Gomes et al. (2001) evaluated the antimicrobial effect of 0.5, 1, 2.5, 4, and 5.25 % sodium hypochlorite solutions in the elimination of E. faecalis; their results showed 5.25 % sodium hypochlorite to be the most effective antibacterial agent. In contrast, D ' Arcangelo et al. (1999) analyzed the effectiveness of 0.5, 1, 3 %, and 5 % NaOCl on facultative and strict anaerobic bacteria and showed that all concentrations had an antibacterial effect on all species tested. Different irrigation activation methods such as vibrating tips, sonic, and ultrasonic irrigation have been recommended to compensate for the limitations of a traditional syringe/needle delivery method (Happasalo et al. 2010; Mohammadi 2008; Baumgartner and Cuenin 1992) . Among them, the use of lasers has been recommended as aids in the disinfection of root canal systems (Himel et al. 2006) . However, several studies have demonstrated that its use may not result in an optimal bacterial reduction (Noetzel et al. 2009) . A great number of variables such as the delivery technique utilized, the time of application within the canal, the presence of an aqueous solution that would affect the absorption of the laser beam, and the power settings utilized might have influenced previously reported results.
Temperature rise of tooth structure and surrounding tissues is an important consideration when utilizing laser energy in the cleaning and disinfection of the root canal system. Irradiation intensity and use of a water coolant have a significant impact on the amount of heat generated during laser utilization (Kimura et al. 2002) . PIPS uses a sub-ablative photoacoustic technique that allows the penetration of the irrigating solution into inaccessible areas of the root canal system, killing bacteria not by a thermal event but rather by antimicrobial irrigants that are activated by the photomechanical effects of the PIPS-tapered and stripped laser tip (Jaramillo et al. 2012) . Previous studies have shown that PIPS in combination with 5.25 and 6 % sodium hypochlorite is an effective means of eliminating resistant bacteria such as E. faecalis from the root canal system (Jaramillo et al. 2012; Olivi et al. 2014) .
Another critical issue during laser-driven activation is the risk of apical extrusion of irrigants. It is important to confine the irrigating solution to the confines of the root canal system. Peters et al. (2012) used a mixture of a radiopaque contrast medium and NaOCl solution in 300 canals in 181 patients and activated the solution with an erbium laser for 60 s in teeth with one or two canals and 120 s on teeth with three or four canals. The study showed that laser-activated irrigation does not produce apical extrusion of the irrigant, to the point that contrast media could not be detected radiographically in any of the samples.
Conclusions
A buffered 0.5 % sodium hypochlorite solution delivered by the needle syringe method was effective in eradicating E. faecalis from the root canal system. However, activation of buffered 0.5 % sodium hypochlorite by PIPS significantly increased its antimicrobial effectiveness. It is important to use the least cytotoxic irrigating solutions during endodontic therapy without compromising its antimicrobial efficacy. In addition, the use of PIPS allows the irrigating solution to reach otherwise inaccessible areas of the root canal system, thereby increasing the effectiveness of such irrigants.
